Current analytical methods used for composition analysis of egg products are time consuming and laborious. We developed a near-infrared reflectance spectroscopy (NIRS)-based method to determine the fat, moisture, and protein contents in homogenized egg yolk and the moisture and protein contents in homogenized egg albumen to substitute for conventional methods. The coefficients of determination in the external validation set (R 2 P ) were over 0.8 for all chemical compositions. The ratios of performance to standard deviation (RPD) were 4.38, 2.25, 2.28, 2.31, and 3.03 for fat, moisture, protein and moisture in the egg yolk, and protein in the egg albumen, respectively. Thus, NIR spectroscopy could be an efficient tool for quantitative analysis of the nutrients in chicken eggs.
INTRODUCTION
As an inexpensive and nutritious food, chicken eggs have become an indispensable part of the daily diet for humans. Eggs are popular because they contain almost all ingredients that are essential for human nutrition, including water (∼75%), proteins (∼12%), lipids (∼12%), carbohydrates, and minerals (Burley and Vadehra, 1989; Sugino et al., 1996) . The high protein content of eggs is distributed in both the egg yolk and the egg white (Sugino et al., 1996) . Amino acids in eggs are almost the same to those in the human body and are easily absorbed, providing an inexpensive source of high-quality protein. In contrast, fats are found almost exclusively in the yolk and are mainly present as unsaturated fatty acids, which have substantial benefits in the development of the nervous and immune systems (Li-Chan et al., 1995) .
Because the nutritional content of eggs is closely related to egg quality, it is important to determine the fat, protein, and moisture contents of eggs. Conventional techniques for such measurements include Soxhlet extraction for evaluation of crude fats, the Kjeldahl method for evaluation of crude protein, and the oven drying method for detection of water contents (Lunven et al., 1973; Song et al., 2000) . However, these meth-C 2018 Poultry Science Association Inc. Received October 11, 2017. Accepted February 6, 2018. 1 These authors contributed equally to this work and should be considered co-first authors. 2 Corresponding author: quluj@163.com ods are expensive and time consuming. Additionally, the chemicals used for these methods can contaminate the samples. Near-infrared reflectance spectroscopy (NIRS) is a spectroscopic method that uses the near-infrared region of the electromagnetic spectrum (from about 700 to 2,500 nm). This method, which is inexpensive, quick, and safe, was first discovered by an astronomer and has become increasingly popular in many fields, including the pharmaceutical, food, feed quality control, and petrochemical industries (Laxalde et al., 2011; Barbin et al., 2013; Pierna et al., 2015; Zhou et al., 2016) .
NIRS has been widely used in the egg industry. In hatching eggs, NIRS can be used to determine the sex of eggs at day 3.5 of incubation, with an accuracy rate of up to 93%, by analyzing the spectrum between 800 and 1,000 nm (Galli et al., 2017) . Moreover, a method based on the visible/near-infrared spectrum was developed to identify fertilized chicken eggs during the early stages of incubation (Qin et al., 2017) . In studies of table eggs, most applications have assessed egg quality by determining changes in Haugh units (UN), thick albumen height, air cell height (Giunchi et al., 2008) , and albumen pH (Abdel-Nour et al., 2011) . Furthermore, a new algorithm, support vector data description (SVDD), was recently employed to determine the freshness of eggs based on NIR spectroscopy combined with pattern recognition. (Zhao et al., 2010) . However, few reports have performed quantitative detection of nutrients in chicken eggs with near-infrared technology. NIRS has commonly been used to predict the chemical compositions of various foods; for example, fat, protein, 2239 and moisture contents have been predicted by NIRS in milk (Laporte and Paquin, 1999) , feed (González-Martín et al., 2006) , and chicken meat (Berzaghi et al., 2005; Zhou et al., 2012) . As early as 1988, scientists had determined the moisture, fat, and protein contents in whole eggs by NIR, with good R 2 values of 0.908, 0.992, and 0.994, respectively. However, the procedures for calibration and validation of samples by NIR were complicated, and limited sample amounts for the training set were available at that time (Wehling et al., 1988) .
Therefore, in this study, we developed a rapid method for the determination of fat, moisture, and protein contents in homogenized egg yolk as well as moisture and protein contents in homogenized egg albumen using NIRS.
MATERIALS AND METHODS

Sampling and Sample Preparation
A total of 108 eggs were obtained from a chicken farm. To guarantee the reliability and applicability of the models, calibration and independent validation samples were selected from eight chicken breeds, including Beijing Fatties, White Loghorns, Silkies, Nongda 3 chickens, Shouguang chickens, Dongxiang Green Eggshell hens, Sanhuang chickens, and ISA Vedettes, to ensure a wide range of reference values. Each egg yolk was separated from the egg albumen using an egg divider. Subsequently, both the yolk and albumen were homogenized to avoid negative effects on the model, which can be caused by non-uniform samples (Su et al., 2014) .
Spectra and Reference Measurements
A DA7200 NIR analyzer (Perten Instruments AB, Huddinge, Sweden) equipped with a ceramic plate as a reference was used for spectral measurement. Simplicity software was integrated as a device manager. Spectral data were acquired in the 950 to 1,650 nm range with 2 nm resolution. Homogeneous egg yolks were loaded into a small round plastic cup specifically designed for detection of precious and minute quantities of samples. Egg albumen spectra were captured through a liquid detection accessory, which detected the flow liquid. In order to minimize sampling error, we set two duplicates, and each duplicate was measured twice. The averaged spectrum was then used in subsequent analysis.
After the near-infrared spectrum information was generated, all references for the 108 samples were assessed at the Ministry of Agriculture's Quality Supervision and Inspection Testing Center in Beijing. Moisture, crude fats, and crude protein were measured based on oven drying (Song et al., 2000) , Soxhlet extraction (Song et al., 2000) , and the Kjeldahl method (Lunven et al., 1973) , respectively. Fats in egg whites, however, were not tested due to the low fat content in the albumen.
Data Pre-processing
In this study, outliers to the models were removed using the 2.5 × SECV value (stand error of cross validation) as the reference (Zhou et al., 2012) . The Kennard-Stone method based on spectral variables (Kennard and Stone, 1969) was used to select calibration and validation samples, which was performed in Unscrambler X software version 10.4 (CAMO, Trondheim, Norway). Subsequently, in order to reduce unwanted information from NIR spectra, we implemented different spectral preprocessing methods, including first derivative (1-Der), second derivative, standard normal variate (SNV) (Barnes et al., 1989) , multiplicative scattering correction (MSC) (Geladi et al., 1985) , and combinations of standard normal variate and first derivative (SNV+1-Der) as well as multiplicative scattering correction and first derivative (MSC+1-Der) using Unscrambler software. All spectral data were mean centered in advance, so as to enhance the differences between samples.
Wavelength Variable Selection and Partial Least-squares Regression
Although partial least-squares (PLS) regression can be applied as a full-spectrum multivariate analysis, PLS-based calibration can be improved by appropriate selection of pertinent spectral wavelengths (Geladi and Kowalski, 1986) . A new method, designated competitive adaptive reweighted sampling (CARS) (Li et al., 2009 ), was applied to select wavelengths that provided significant compositional information. During CARS analysis, the absolute values of regression coefficients of the partial least-squares model were used to estimate the importance of each wavelength. CARS selected N subsets of wavelengths from N Monte Carlo sampling runs in an iterative and competitive manner. In this examination, the number of Monte Carlo samplings was set as 50. Coefficient of variation (CV) was applied to choose the subset with the lowest root mean square error of CV (Li et al., 2009) .
As a practical multi-analysis method for combined factor analysis with regression, partial least-squares regression is popular for 30 in spectroscopy analysis (Sun et al., 2017) . In this study, the latent variables (LVs) were chosen by a built-in algorithm in Unscrambler software (global minimum of the root mean squared error). When the number of LVs is too high, the model may suffer the risk of being overfitted. When the LVs are too low, the model will be underfitted (Rácz et al., 2015) .
The performances of the developed models for the five constituent were evaluated in terms of coefficient of determination in the calibration set (R of determination in the prediction set (R 2 P ), root mean square error of calibration (RMSEC), and root mean square error of prediction (RMSEP). The best model selected should have high coefficients of determination (R 2 C and R 2 P ) and low errors (RMSEC and RMSEP) and should also have only a small difference between RMSEC and RMSEP (Jie et al., 2013) . Another crucial parameter used to evaluate the practical utility of the prediction models was the ratio performance deviation (RPD), defined as SD/SEP. RPD values of 2.5 or more were considered to reflect excellent prediction accuracy; values between 2.0 and 2.5 indicated that coarse quantitative predictions were possible. When the RPD value was less than 1.5, the prediction was considered poor (Nicolai et al., 2007) .
RESULTS AND DISCUSSION
Spectra and Reference Features of Samples
The raw NIR spectra of the whole egg yolk and egg albumen samples are shown in Figure 1 . There were three broad peaks in the spectra of egg yolks. The slight absorption peak (970 to 980 nm) was likely attributable to the combined effects of the second overtone of band OH and water (Li et al., 2013) . The absorption band at around 1,200 nm (C-H second overtone) could be related to the fat content (Leroy et al., 2004) . Absorption bands at 1,450 to 1,460 nm (O-H first overtone) could be attributed to water absorption and protein changes (Williams and Norris, 1987; Uddin et al., 2006; Alexandrakis et al., 2012) . Unlike the yolk, the egg albumen spectra showed only one obvious absorption peak at around 1,450 nm. The spectrum difference could be ascribed to the significant difference in fat content between the egg yolk and egg albumen. Table 1 summarizes the descriptive statistics for reference values of the chemical composition in eggs measured by conventional methods. Fat content in yolks showed a wider range of variability, which was favorable for calibration development (Ripoche and Guillard, 2001) .
PLS Models of Chemical Composition with Full Spectra
During the near-infrared modeling analysis, one kind of outlier is samples having statistical differences between the reference and predicted values, which indicates that there may be a large error in this reference data. In some articles, samples were considered outliers if the residual between the reference and the predicted value was larger than 2.5 or 3 times the standard error of calibration (Campbell et al., 1997; Tekin et al., 2012; Zhou et al., 2012) . After outliers were eliminated using 2.5 × SECV as a reference value (Zhou et al., 2012) , the Kennard-Stone method was employed to select calibration samples. Table 2 showed the best preprocessing method for each parameter. There were more LVs in the yolk than in the egg albumen, indicating that the relationship between the yolk spectra and reference values was complex. The SNV+1-Der was chosen as the optimum pretreatment for fat in the yolk and protein in the albumen due to the higher R 2 P values (0.91 and 0.90, respectively) and lower RMSEP values (0.69 and 0.36, respectively). SNV was chosen as the greatest data transformation methods for moisture in the egg yolk and albumen, with R 2 P values of 0.76 and 0.82, respectively, and RMSEP values of 0.73 and 0.33, respectively; these data indicated that the differences among the spectra in the moisture could be mostly attributed to the scattering effect of the samples. The PLS model with 1-Der treatment obtained better results for protein in the yolk. Moreover, by comparing the results of MSC and SNV in each model, we found that the two preprocesses had almost the same effect on models because they were both used for scatter correction.
Results of CARS and Optimized Models
The results of wavelength variable selection for all chemical compositions by CARS are shown in Table 3 . Compared with the full spectral PLS models, the fat and moisture contents in the yolk and the moisture and protein contents in the albumen showed better predictive ability after selecting key wavelength variables by CARS. The RPD values were up to 4.38, 2.25, 2.31, and 3.03, respectively, indicating that CARS was an effective method for model optimization for the four chemical compositions in eggs. Protein in the yolk failed to show a higher RPD but did show a higher R 2 C (0.84) and lower RMSEC (0.30) after exploiting CARS. Therefore, we inferred that this undesirable result may be attributed to the major differences between the calibration set and validation set. Furthermore, moisture and protein in the yolk and protein in the albumen showed a decreased number of LVs after selecting key variables by CARS, avoiding the risk of overfitting. In summary, CARS proved to be a good method for optimization and simplification of the PLS models. Figure 2a -e shows the scatter plots of measured values against predicted values for each chemical parameter, obtained by PLS with proper spectral pretreatment and optimal wavelength variables. Moisture models in the yolk and egg albumen were not as consistent as the other chemical compositions, mainly because moisture is not as stable as protein or fat. The content could change during the course of spectral and reference measurement, particularly for moisture in the yolk because the spectra of yolk were collected exposed to air. Although the performance of protein was not as good as that of fat, it was superior to that of moisture. Protein from the yolk modeled worse than that from the albumen, consistent with the results for moisture content. This could be explained by the fact that the diameters of amino acids, e.g., leucine, isoleucine, lysine, arginine, and valine, in the yolk are smaller than those of lipids, e.g., oleic acid, palmitic acid, and linoleic acid, in the yolk; thus, the information carried by the scattering of protein may be covered by fats (Kralik and Kralik, 2017) . Some studies have indicated that quantitative detection of fats is generally better than that of protein when evaluating the near-infrared bands (Šašić and Ozaki, 2001 ). Our findings supported this conclusion. Moreover, our current results were more accurate than those in a previous study, which predicted the chemical composition in freeze-dried egg yolk by NIRS, with R 2 values of 0.71 for the crude protein and 0.84 for lipids (Dalle Zotte et al., 2006) .
The overall results of this study confirmed the capability of NIRS to predict fat, protein, and moisture contents in the yolk and protein and moisture contents in the albumen. Different spectral pretreatments and application of CARS proved to be helpful during the optimization of models. Moreover, models made for fat in the yolk and protein in the albumen were found to be excellent models according to their higher RPD values owing to the wider range of reference data. As a consequence, although the current results obtained were reasonably accurate, additional studies with larger sample sets are needed to obtain a wider range of variation in the reference data and to facilitate industrial applications. 
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